The association of DNA with histones results in a nucleoprotein complex called chromatin that consists of repetitive nucleosomal subunits. Nucleosomes are joined together in the chromatin fiber by short stretches of linker DNA that interact with a wide diversity of linker H1 histones involved in chromatin compaction and dynamics. Although the long-term evolution of the H1 family has been the subject of different studies during the last 5 years, the lack of molecular data on replication-independent (RI) H1 variants from protostomes has been hampering attempts to complete the evolutionary picture of this histone family in eukaryotes, especially as it pertains to the functional specialization they impart to the chromatin structure in members of this bilaterian lineage. In an attempt to fill this gap, the present work characterizes the histone gene complement from the razor clam Solen marginatus. Molecular evolutionary analyses reveal that the H1 gene from this organism represents one of the few protostome RI H1 genes known to date, a notion which is further supported by its location within the monophyletic group encompassing the RI H1 variants in the overall phylogeny of eukaryotic H1 proteins. Although the detailed characterization of the nucleotide substitution patterns in RI H1 variants agrees with the model of birth-and-death evolution under strong purifying selection, maximum-likelihood approaches unveil the presence of adaptive selection during at least part of the evolutionary differentiation between protostomes and deuterostomes. The presence of increased levels of specialization in RI H1 proteins from deuterostomes as well as the significant differences observed in electrostatic properties between protostome and deuterostome RI H1s represent novel and important preliminary results for future studies of the functional differentiation of this histone H1 lineage across bilaterians.
Introduction
In eukaryotes and some archaebacteria, DNA is found associated with histones in a nucleoprotein complex called chromatin that allows for the high extent of compaction of genomic DNA within the limited space of the cell nucleus. Chromatin also provides the support on which most DNA metabolic processes (i.e., replication, repair, transcription) take place. At the structural level, a fundamental repetitive subunit, the nucleosome, results from the association of 2 left-handed superhelical turns of DNA wrapping about a protein core (consisting of 2 copies of each of H2A, H2B, H3, and H4 core histones) (van Holde 1988) . Nucleosomes are joined together in the chromatin fiber by short stretches of linker DNA that interact with linker H1 histones, providing an additional folding to the chromatin fiber.
Although the different functional domains of eukaryotic chromatin all share a common nucleosomal structure, the dynamic processes responsible for the local heterogeneity observed across the genome are potentially regulated by 3 main mechanisms: replacement of canonical (replicationdependent [RD] ) histones with specialized (replicationindependent [RI] ) variants that have dedicated functions (Malik and Henikoff 2003) , the occurrence of posttranslational histone modifications (Jenuwein and Allis 2001) , and the association with remodeling complexes responsible for nucleosome mobilization (Owen-Hughes 2003) . The wide range of possible configurations that facilitate different chromatin metabolic needs are the result of the synergistic action of the aforementioned mechanisms, through a recognition mechanism that has been referred to as the ''histone code'' (Strahl and Allis 2000) .
The histone H1 family stands out among histones for being the most diverse (Ausió 2006) . It encompasses canonical (RD) subtypes largely coupled to the S phase of the cell cycle, and replacement histone variants often encoded by solitary genes which are expressed independently of replication at basal but constant levels throughout the cell cycle (Eirín-López et al. 2009 ). Contrary to the classical concept of homogenization of these proteins through a process of concerted evolution, we have demonstrated that the long-term evolution of the H1 family is subject to a birth-and-death process under strong purifying selection which promotes genetic diversity (Eirín-López et al. 2004a) .
In addition to its physiological relevance to chromatin of somatic tissues, histone H1 shares common features with a group of chromosomal sperm proteins referred to as sperm nuclear basic proteins (SNBPs) (Ausió 1999) . During spermiogenesis, these proteins replace histones to different extents depending on the organism, and provide the tight packing of the genetic material which is characteristically found in the mature sperm nucleus (Ausió 1999; Eirín-López et al. 2006a) . We have recently provided evidence that histone H1 and SNBPs are in fact descendants of a common RI histone precursor whose diversification process early in metazoan evolution led to the differentiation of canonical RD and variant RI lineages (Eirín-López et al. 2006b ). Concomitantly, the functional compartmentalization of the somatic and germinal lines allowed further differentiation between RI histone H1 proteins and RI SNBPs. This led to the vertical parallel evolution of histone H1 and SNBPs which is observed across protostomes and deuterostomes .
Although the long-term evolution of the H1 family has been thoroughly studied in deuterostomes during the last 5 years (Eirín-López et al. 2005 , 2004a , 2006a , 2006b Nei and Rooney 2006) , the lack of molecular data on RI H1 variants from protostomes has been hampering attempts to complete the evolutionary picture of this histone family in eukaryotes, especially as it pertains to the functional specialization they impart to the chromatin structure of this bilaterian lineage. Indeed, RI H1 proteins were believed to be exclusive to deuterostomes until ''orphon'' H1 genes with RI features were described in molluscs (Eirín-López et al. 2002 , 2004b González-Romero et al. 2008) . Mollusca is of critical interest for the study of histone H1 and SNBP evolution not only because it represents the only protostome phylum where RI H1 proteins have been described so far but also because it encompasses different species representative of the 3 main types of SNBPs (histones, protamine-like proteins, and protamines) (Ausió 1999 ).
The present work represents an attempt to fill the gap in the knowledge of the protostome RI H1 lineage by characterizing the histone gene complement from the razor clam Solen marginatus and performing molecular evolutionary analyses to investigate the long-term evolution of these H1 genes. Our results reveal that the H1 gene from S. marginatus represents a protostome RI H1 gene subject to birth-and-death evolution under strong purifying selection. Comparisons between protostome and deuterostome RI H1 genes show increased levels of specialization in the latter case, as well as significant differences in electrostatic properties between RI H1s from the two groups of organisms. These findings represent novel and important preliminary results for future studies of the functional differentiation of this histone H1 lineage across bilaterians.
Materials and methods

PCR amplification and DNA sequencing of Solen marginatus histone genes
Razor clam specimens of the species Solen marginatus were collected in the locality of Boiro on the Galician coast (northwest Spain) and identified by taxonomists at the Center of Marine Investigations from Vilaxoán (Pontevedra, Spain). Genomic DNA from muscle tissue was purified in CTAB buffer following standard protocols (Rice and Bird 1990; Winnepenninckx et al. 1993) . PCR primers for the 5 histone genes were designed using the repetitive unit of histones from the mussel Mytilus galloprovincialis (Eirín-López et al. 2004b ), as follows: H1 fwd (5'-ACATATTCTG AAAGAAAAAT TC-3'), H1 rev (5'-AGCAAGTACA CA-TGGACTTT A-3'), H2A fwd (5'-ACATTCAACC TAAC-TACCTG-3'), H2A rev (5'-TTCATTTTTT TCCCACCAAC TATT-3'), H3 fwd (5'-GAACAATTGT TAGCTTCAA-3'), H3 rev (5'-TTTCTTCTTC TTTCAATACA-3'), H4 fwd (5'-GAATTCCTAC AGAGTTACC-3'), and H4 rev (5'-TGT-ATCCACA GACTTGCTTG CC-3'). Amplification reactions from template genomic DNA were performed in a final volume of 25 mL (10 ng/mL of template DNA) including 10 mmol/L primers and 25 units of Taq DNA polymerase (Roche Molecular Biochemicals). The reactions consisted of a first denaturation step of 4 min and 30 s at 95 8C, followed by 35 cycles consisting of a 30 s denaturation step at 95 8C, 30 s annealing step at 53.5 8C, and 30 s extension step at 72 8C. A final extension step of 5 min at 72 8C was performed. Automatic DNA sequencing was performed directly from the isolated PCR products, using the specific primers mentioned above. The DNA sequences of the 5 histone genes from S. marginatus were deposited in the GenBank Database with the following accession numbers: histone H1, FJ595834; histone H2A, FJ595835; histone H2B, FJ595836; histone H3, FJ595837; histone H4, FJ595838.
Molecular evolutionary analyses of replicationindependent histone H1 genes
A total of 209 histone H1 and related SNBP sequences (see Table S1 for details 2 ) were included in the overall phylogenetic analysis of the razor clam H1 gene within the histone H1 family. There are no less than 12 different nomenclatures for H1 genes; in the present work the nomenclature from Doenecke's lab was followed (Albig et al. 1997) . Multiple sequence alignments were conducted and edited for potential errors using the CLUSTAL_X (Thompson et al. 1997) and BIOEDIT (Hall 1999) programs, on the basis of the translated amino acid sequences. Alignment of amino acid sequences corresponding to the core domain of H1 histones was carried out using histone H1 sequence fragments defined by previously established criteria for determining the boundaries of this domain (Ramakrishnan et al. 1993; Schulze and Schulze 1995) .
All molecular evolutionary analyses were conducted using the program MEGA version 4 (Tamura et al. 2007 ). The extent of amino acid sequence divergence among H1 proteins and SNBPs in the global phylogeny was estimated by means of the uncorrected differences (p-distances), as this approach is known to give better results owing to its smaller variance (Nei and Kumar 2000) . Estimations of protein and nucleotide sequence divergence within the RI H1 lineage were performed using the Poisson correction and the Kimura 2-parameter method, respectively. The numbers of synonymous (p S ) and non-synonymous (p N ) differences per site were also computed using the modified method of Nei and Gojobori (Zhang et al. 1998) , providing the transition/transversion ratio (R). Evolutionary distances were calculated using the complete deletion option in all cases except for the overall H1 and SNBP protein phylogeny shown in Fig. 2A , where the pairwise deletion option was used; standard errors of the estimations were calculated using the bootstrap method (1000 replicates). The presence and nature of selection in H1 genes was tested using the codon-based Z-test for selection, defining H 0 as p S = p N and H 1 as p S > p N (Nei and Kumar 2000) .
The neighbor-joining tree-building method (Saitou and Nei 1987 ) was used to reconstruct the phylogenetic trees in this work. To confirm that our results are not dependent on this choice, phylogenetic analyses were completed by reconstructing maximum parsimony trees. The reliability of the resulting topologies was tested using both the bootstrap (Felsenstein 1985) and the interior branch-test (Sitnikova 1996) methods, producing the bootstrap probability (BP) and confidence probability (CP) values, respectively, for each interior node in the trees after 1000 replicates. Given the known conservative nature of the bootstrap method, BP > 80% was interpreted as high statistical support for groups, whereas CP 95% was considered statistically significant (Sitnikova et al. 1995) . The amount of codon bias in RI H1 genes was referred to as the effective number of codons (Wright 1990 ) and was estimated using DnaSP version 4 (Rozas et al. 2003) .
Reconstruction of ancestral sequences and electrostatic potentials of H1 family members
Ancestral sequences corresponding to the internal nodes of the phylogeny of RI histone H1 genes were reconstructed by maximum likelihood using the codeml program within the PAML 4 package (Yang 2007) . This allows estimation of the nucleotide substitutions involved in the differentiation between protostome and deuterostome RI lineages and the diversification of H1 members, as well as their nature (synonymous or replacement). The three-dimensional structure of the H1 protein from S. marginatus as well as that of all RI H1 histones used in the estimation of electrostatic distances was modeled using the coordinates determined for the crystal structure of histone H5 from chicken (Protein Data Bank accession code 1HST) as a reference in the context of the SWISS-MODEL workspace (Arnold et al. 2005) ; the obtained structures were rendered with the MacPyMOL program (DeLano 2007) . Comparisons between the electrostatic properties of protostome and deuterostome RI H1 histones were conducted in the webPIPSA pipeline (Richter et al. 2008) . Electrostatic potentials were determined using the University of Houston Brownian Dynamics program (Madura et al. 1995) , and the absolute distances calculated from the similarity indices for the electrostatic potentials were represented in a colorized matrix and in an epogram (tree representation of the relationships among potentials). The representation of the electrostatic potentials in the modeled structures was implemented with the VMD program (Humphrey et al. 1996) .
Results and discussion
Characterization of the Solen marginatus histone gene sequences PCR using primers specific for Mytilus galloprovincialis histone genes yielded DNA fragments encompassing the coding regions of core and linker histones as well as their 5' and 3' untranslated regions (UTRs), allowing for the analysis of some of the motifs involved in the regulation of the expression of these genes. The sequences thus obtained are shown in Fig. 1 . The histone genes of S. marginatus are sequentially arranged in the following way: an open reading frame (ORF) of 573 bp encoding a linker H1 protein of 190 residues, a 378 bp ORF encoding an H2A protein of 125 residues, an ORF of 375 bp encoding an H2B protein of 124 amino acids, an ORF of 411 bp encoding an H3 protein of 136 residues, and a 312 bp ORF encoding an H4 protein of 103 residues. Analyses of the promoter regions revealed the presence of several cis-acting elements that are common to many other genes transcribed by RNA polymerase II. These include TATA signals (region -84 to -91 for histone H1, region -63 to -68 for histone H2A, region -62 to -69 for histone H2B, and region -56 to -61 for histone H4). However, the typical elements 5'-GATCC-3' and 5'-CCTAATTTGCA-TATG-3' (Maxson et al. 1983) could not be identified. Putative CAP sequences are usually present in all genes; they have the consensus sequence 5'-MCATTCAP-3' and are generally located -40 to -100 bp upstream of the initiation codon (Sures et al. 1980 ). The CAAT box signal was also identified in all cases, although consensus sequences upstream of CAP sites, such as CCCTCT/G (typical from Drosophila histone genes) or ATTTGCAT (typical from H2B promoter regions), were not detected in S. marginatus.
The promoter region of the S. marginatus H1 gene contains typical linker histone gene elements such as an H1 box-like element (-171 to -178) (Dalton and Wells 1988) followed by an H4 box element (-136 to -158), which replaces the CAAT box found in canonical RD H1 genes. The presence of an H4 box, which is typical of H4 genes, allows for clear discrimination between variant RI H1 genes and canonical RD H1 genes (Peretti and Khochbin 1997; Eirín-López et al. 2002 , 2005 . Therefore, the presence of an H4 box element in the H1 gene of S. marginatus suggests an evolutionary link with protostome ''orphon'' RI H1 genes of other clams and mussels (Eirín-López et al. 2002; Gonzá-lez-Romero et al. 2008) . The promoter regions of H2A and H4 exhibit a high degree of homology that extends to the conservation of the first 9 residues of the coding regions. This is in agreement with previous data obtained from sea urchins and mussels (Sures et al. 1978; Eirín-López et al. 2004b ) and is consistent with the notion of a common evolutionary origin for both genes (Eirín-López et al. 2009 ).
Analyses of the 3' UTRs revealed in all instances the presence of the typical palindromic sequence that results in the formation of a stem-loop structure which is typical of RD histone genes (Marzluff 1992) . This was followed by a purine-rich element approximately 15 bp downstream. The stem-loop sequences in the histone genes of S. marginatus are shown in Table 1 
Phylogenetic location of protostome RI H1 variants within the histone H1 family
Given the presence of typical RI linker histone regulatory elements in the H1 gene of S. marginatus, we decided to analyze the evolution of its sequence within a broader phylogenetic context that includes all H1 proteins (both RI and RD) described until now. Furthermore, considering the close relationship between H1 proteins and SNBPs, these germinal chromatin components were also included in the phylogeny ( Fig. 2A ; see Fig. S1 for details on the alignment 2 ). The topology thus obtained points to the common evolutionary origin shared by H1 and SNBPs early in metazoan evolution (Eirín-López et al. 2006a , 2006b ). This encompasses a process of vertical parallel evolution across protostomes and deuterostomes that leads to differentiation between the protamine and protamine-like components of SNBPs (Ausió 1999; Eirín-López et al. 2008 ) as well as between RI and RD H1 proteins (Eirín-López et al. 2004a ). In the latter instance, RI H1 proteins share a common monophyletic origin that consists of protostome (''orphon'' H1) and deuterostome (H5/H18) representatives including the H1 gene of S. marginatus ( Figs. 2A and 2B) .
The nucleotide-based phylogeny corresponding exclusively to RI H1 genes is shown in Fig. 2B and depicts a well-defined differentiation between the protostome and deuterostome RI lineages. The topology reflects a functional clustering of deuterostome RI variants, as would be predicted from the long-term birth-and-death evolution of these proteins (Eirín-López et al. 2005) . As expected, a close relationship is observed between the H1 gene of S. marginatus and RI H1 genes from other bivalve molluscs. In this regard, the RI ''orphon'' status of the razor clam H1 gene is supported by its position in the overall H1 phylogeny and in the tree specific for RI genes. In terms of linker histone evolution, such an observation is of critical interest considering that the characterization of protostome RI H1 proteins has remained elusive for so long.
The study of the protein and nucleotide variation among H1 lineages reveals significantly more synonymous substitutions than non-synonymous substitutions (P < 0.001 in all Ztest comparisons). This provides conclusive evidence for a mechanism of purifying selection guiding the long-term evolution of H1 genes, in agreement with the birth-and-death model (Eirín-López et al. 2004a) . Protostome H1s seem to display amino acid and nucleotide variation levels slightly higher than those of deuterostome H1s. However, differences in the patterns of variation are also detected between different H1 lineages and taxonomic groups. Although no significant differences in variation between RD and RI lineages have been reported in deuterostomes, the results in Table 2 indicate the presence of a significantly higher degree Nucleotide and amino acid sequences of Solen marginatus histone genes. Numbering on the right refers to the nucleotide sequences and numbering in boldface refers to amino acid residues. Translated amino acids are placed above the corresponding codons. Conserved promoter elements are indicated as follows: CAAT boxes in boldface, putative CAP sites underlined, TATA boxes in boldface and underlined, the H1 box-like element in a black box, and the H4 box element in an open box (the last two both within the histone H1 promoter region). Conserved elements at 3' UTRs are indicated as follows: stem-loop structure underlined, purine-rich element in boldface.
of protein (0.373 ± 0.030) and nucleotide (0.355 ± 0.014) variation in protostome RD H1 variants when compared with their RI counterparts (0.066 ± 0.006 and 0.078 ± 0.006, respectively). The lower variation exhibited by protostome RI variants is in agreement with the absence of functionally specialized RI H1 variants in these organisms, likely as a result of the lower complexity of these organisms. This is in contrast to deuterostomes, which have highly specialized RI variants such as histone H5 and histone H18 .
The promoter regions of RI histone H1 genes contain characteristic and specific regulatory elements that differ from those of RD H1 genes. The razor clam H1 gene described in this work was aligned with other RI and RD H1 genes as well as SNBPs to identify any shared conserved elements. Figure 2C shows the ubiquitous presence of the H4 box element across promoters of RI H1 genes (van Wijnen et al. 1992; Peretti and Khochbin 1997) , which is replaced by the CAAT box in RD H1 genes and by a conserved control element in SNBPs. Although there is no apparent similarity between the nucleotide sequences of the H4 box and the SNBP control element, the lack of the CAAT box supports a closer evolutionary relationship between SNBPs and RI H1 histones (Eirín-López et al. 2006b ), as observed in Fig. 2C . Overall, the phylogenetic analysis shown in Fig. 2C suggests that eukaryotic histone H1 arose from a replication-independent precursor gene with polyadenylated transcripts that subsequently evolved into the RD H1 lineage , 2009 ).
Long-term evolution of RI variants across protostomes and deuterostomes
Histone H1 RI variants have shorter amino acid sequences than their canonical RD counterparts. They contain 190 residues in the mussel (Eirín-López et al. 2002) and the razor clam analysed here and 185 amino acid residues in sea urchin (Lieber et al. 1988) , which is smaller than the H1s encoded by the RD H1 genes of the same organisms, which range from 211 to 217 residues. We have previously shown that the highly characteristic winged-helix core domain of metazoan H1 histones provides a ''footprint'' for the different H1 subtypes (Eirín-López et al. 2006b ). The alignment of protostome and deuterostome RI H1 histones shown in Fig. 3A using this domain supports the phylogenetic and promoter considerations described earlier for the razor clam histone H1. The high extent of similarity with the ''orphon'' protostome H1 RI variants of other bivalve molluscs points towards an RI status for the razor clam histone H1 identified here, representing an ''orphon'' H1 protein.
To investigate the nature of the nucleotide substitution patterns that led to the diversification of the RI lineages from protostomes and deuterostomes in the course of evolution, the ancestral sequences for the internal nodes in the topology shown in Fig. 2B were reconstructed and the nucleotide changes subsequently analyzed. The results shown in Fig. 3B indicate high confidence levels for the groups of sequences defined by the internal nodes of the phylogeny generated in this way. Our maximum likelihood estimates indicate that a total of 1078 nucleotide substitutions are necessary for the current differentiation among the extant protostome RI H1 variants (nodes I-IV), including 411.9 synonymous substitutions and 644.7 non-synonymous substitutions. Conversely, 1230 nucleotide changes are involved in the differentiation of deuterostome RI H1 variants (nodes 1-5), probably as a result of the higher level of specialization of this group of organisms. Of these changes, 474.8 correspond to synonymous substitutions and 744.5 are replacements. Importantly, the non-synonymous changes outnumber the synonymous substitutions during the differentiation of RI variants, suggesting a process of adaptative evolution during at least part of the evolutionary history of the genes encoding these proteins. This evolutionary pattern is probably related to the exclusion of these RI histone H1 variant genes from the main repetitive RD histone gene units as well as to their solitary locations in the genome ( H1  +44 AGCCCTTTTAAGGGCT  +73 AAAGGAAG  H2A  +26 GGCCCTTTTCAGGGCC  +55 AAAAAGAG  H2B  +31 GGCCCTTTTCAGGGCC  +60 AAAAAAGAA  H3  +26 GGCCCTTTTAAGGGCC  +55 AAAAAAG  H4 +29 GGCCCTTTTCAGGGGCC +58 AAAAAAGAA Consensus Solen marginatus
Asellus aquaticus
Further inference regarding the evolutionary mechanisms leading to the differentiation of RI H1 variants across protostomes and deuterostomes can be obtained from study of the codon usage bias of their encoding genes. The results shown in Table 3 indicate that, except for the divergent H18 genes from Xenopus, RI H1 genes from deuterostomes are significantly more biased than their protostome counterparts (t test, 4.349, P < 0.001). Such results can be interpreted in light of a higher degree of functional specialization of deuterostome RI H1 genes in comparison with the apparently less differentiated RI H1s from protostomes. The razor clam H1 gene characterized in this work exhibits an exceptionally high level of codon bias (37.639) compared with H1 genes from other mussels and clams, thus providing a notable exception to this trend. Given that ionic interactions play an important role in the interaction of histone H1 with the nucleosome and linker DNA segments that modulate chromatin dynamics, the electrostatic interaction properties of protostome and deuterostome RI histone H1 lineages were analyzed to investigate the potential effects of the observed variation on binding abilities in both RI H1 lineages. The epogram shown in Fig. 4 distinctively points to the presence of 2 different groups based on electrostatic potentials, corresponding to deuterostome and protostome RI histone H1s. Furthermore, sea urchin H1d and H1 from the repetitive units of mussels are somewhat more closely related to canonical RD histone H1, indicating a slightly divergent status within the RI lineage. The comparisons made on the basis of the electrostatic potential variation provide support to the other molecular evolutionary and phylogenetic analyses revealing a differentiation between RI H1 proteins from protostomes and deuterostomes. Such results suggest the presence of different constraints acting upon protostome and deuterostome RI H1 proteins and leading to their differentiation during evolution. 
Conclusions
There is now very little doubt about the RI nature of the ancestral histone genes in early eukaryotes that led to the differentiation of canonical RD lineages later on during evolution (Malik and Henikoff 2003; Eirín-López et al. 2009 ). However, our understanding of the evolutionary processes responsible for the differentiation of RI H1 histones has been hindered by the lack of information on protostome RI H1 variants. The information provided in this work shows that RI variants seem to be the rule rather than the exception among mollusc H1 histones. Such prevalence is most likely also connected to the origin and presence of several different types of SNBPs in this group of organisms (Eirín-López et al. 2006a . Although the RI variants share a common long-term evolutionary mechanism of birth-and-death with their RD counterparts (Eirín-López et al. 2005) , our results show that RI H1 histones from protostomes and deuterostomes exhibit distinctive structural differences. While the general trend in protostomes appears to be the presence of a single functional RI H1 type, at least 2 highly differentiated RI H1 variants (H5 and H18) have been described in deuterostomes. Such an increase in heterogeneity during the specialization process was most likely determined by the higher functional complexity of deuterostomes, which might imply the existence of differences in chromatin organization with respect to protostomes. This is supported by the higher RI H1 sequence diversity and higher codon bias observed within this group. Some preliminary hints about the functional significance of the RI histone H1 diversification can be drawn from the electrostatic potentials analyzed in the present work, as ionic interactions play an important role in the interaction of histone H1 with the nucleosome and linker DNA segments. Despite all this, questions still remain, especially pertaining to the expression of linker histones in protostomes and their involvement in different nuclear metabolic processes. Functional studies of protostome linker histones will be required to further decipher these issues.
